We report on Mg doping in the barrier layers of InGaN/GaN multiple quantum wells ͑MQWs͒ and its effect on the properties of light-emitting diodes ͑LEDs͒. Mg doping in the barriers of MQWs enhances photoluminescence intensity, thermal stability, and internal quantum efficiency of LEDs. The light output power of LEDs with Mg-doped MQW barriers is higher by 19% and 27% at 20 and 200 mA, respectively, than that of LEDs with undoped MQW barriers. The improvement in output power is attributed to the enhanced hole injection to well layers in MQWs with Mg-doped barriers.
There have been many efforts to increase the efficiency of InGaN/GaN based light-emitting diodes ͑LEDs͒. Many reports have focused on the improvement in efficiency of multiple quantum wells ͑MQWs͒ that consist of an InGaN well layer and a GaN barrier layer. It was reported that Si doping in the barrier layer of MQWs, 1, 2 Si doping in the well layer of MQWs, 3 and Si delta doping in the barrier layer of MQWs 4 could improve interface quality, the screening of a piezoelectric field, photoluminescence ͑PL͒ intensity, and light output power. In addition, it was reported that Si doping in the barrier layer could block the transport of holes between adjacent well layers. 5 Previous studies on Si doping in either well layers or barrier layers have focused on improving electron injection to the well layer. Recently, the Mg doping of an InGaN well layer was reported to significantly reduce the V-defect density in the MQW and to enhance PL intensity. 6 When LEDs are used for a high power application, the injection current is increased and hole injection becomes increasingly important. However, hole injection to a MQW is limited due to the heavy effective mass of a hole and to the relatively low hole concentration in p-GaN. The limitations of hole injection to a MQW was also proposed as one of the major causes for the efficiency droop at high current density in InGaN/GaN MQW LEDs. 7, 8 In the present study, we investigated Mg doping of the barrier and its effect on the morphological, optical, and electrical properties of InGaN/ GaN MQW LEDs.
InGaN/GaN MQW LEDs with undoped and Mg-doped barriers were grown on a ͑0001͒ sapphire by metalorganic chemical vapor deposition. Five pairs of 3 nm InGaN well layers grown at 750°C and 8 nm GaN barrier layers grown at 800°C were deposited on n-GaN and the growth pressure of MQW was 200 Torr. For a comparative study, two LED samples were prepared. In LED A, barrier layers were undoped with an unintentional electron concentration of 5.02ϫ 10 18 / cm 3 . In LED B, barrier layers were Mg-doped with a hole concentration of 4.94ϫ 10 16 / cm 3 at the center of the barrier layer. The Mg-doped layer was sandwiched by two undoped GaN layers to prevent diffusion of Mg to the well layer during the subsequent high temperature growth of the p-AlGaN electron blocking layer ͑EBL͒ at 950°C, p-GaN at 950°C, and the rapid thermal annealing ͑RTA͒ of p-GaN for Mg activation at 700°C. The thickness of the barrier layer composed of u-GaN/ Mg-doped GaN/ u-GaN was 2 nm/4 nm/2 nm. After the growth of InGaN/GaN MQWs, p-Al 0.1 GaN EBL with a thickness of 20 nm was a͒ Author to whom correspondence should be addressed. Electronic mail: sjpark@gist.ac.kr.
FIG. 1. ͑Color online͒ ͑a͒
Room temperature PL spectra of LED A and LED B ͑inset: high resolution x-ray diffraction -2 scans for the GaN ͑0002͒ reflection of LED A and LED B͒, ͑b͒ PL spectra of LED A before and after RTA, ͑c͒ PL spectra of LED B before and after RTA.
deposited followed by the growth of a 200 nm thick p-GaN layer. Carrier concentration was checked by Hall measurement using the van der Pauw method. PL measurements were carried out using a He-Cd laser operating at a wavelength of 325 nm at room temperature. LEDs with a size of 300ϫ 300 m 2 were fabricated using a conventional mesa structure method. Light output power was measured in a dc mode using a calibrated Si photodiode with an optical power meter. Figure 1͑a͒ shows the room-temperature PL spectra of as-grown LED A and LED B before an RTA process. The PL peak position of LED A and LED B is 459 and 456 nm, respectively, and the small peak shift of 3 nm is believed to be in a range of run-to-run growth process. The high resolution x-ray diffraction -2 scans for the GaN ͑0002͒ reflection of both LEDs after MQW growth are also shown in the inset of Fig. 1͑a͒ . X-ray diffraction data of MQWs show that the In compositions in the well layers of LED A and LED B are same and there is no significant structural change in LED A and LED B. When compared with LED A, the PL intensity of LED B was higher by 63%. We also compared the thermal stability of LED A and LED B after an RTA process, which was carried out at 700°C for 5 min in nitrogen ambient. As shown in Figs. 1͑b͒ and 1͑c͒, after an RTA process, the PL intensity was reduced by 25% and 15% for LED A ͓Fig. 1͑b͔͒ and LED B ͓Fig. 1͑c͔͒, respectively. These reductions in PL intensity can be attributed to thermal degradation of MQWs by the RTA process. However, it is worth noting that Mg doping in the barrier can reduce the thermal degradation of MQWs in LEDs. Figure 2 shows the temperature-dependent normalized integrated PL intensities for both LEDs after an RTA process, which were measured in a temperature range from 10 to 300 K. The integrated PL intensity of MQWs can be fitted by using the following equation:
where I͑T͒ is the integrated PL intensity of MQW, C i is the constant related to the density of nonradiative recombination centers, E i is the activation energy of the corresponding nonradiative recombination centers, and k is the Boltzmann's constant. Above 130 K, the calculated E i was 60 meV for LED A and 70 meV for LED B, and the calculated constant C i was 113 for LED A and 76 for LED B. The larger E i for LED B indicates that the thermal activation energy for the transfer of confined carriers to the nonradiative recombination center was high. The smaller constant C i for LED B means that LEDs with a Mg-doped barrier have a lower density for nonradiative recombination centers. The internal quantum efficiency ͑IQE͒ was also estimated by taking the ratio of the integrated PL intensities observed at 10 and 300 K assuming that the IQE is 100% at a very low temperature of 10 K. The IQE was estimated to be 5.4% for LED A and 13.5% for LED B, indicating that the IQE was increased by Mg doping in the barriers of MQWs. Figure 3 shows atomic force microscopy ͑AFM͒ images with and without Mg doping in the barrier layers of MQWs. AFM images show V-defects, which are usually found on the surfaces of InGaN/GaN MQWs. 11, 12 The defect densities estimated from AFM images were 3.80ϫ 10 8 and 2.96 ϫ 10 8 / cm 2 for LED A and LED B, respectively. The defect density of LED B decreased by 22% compared to that of LED A. This result shows that the measured defect densities were closely related to the estimated constants C i of LED A and LED B. The root mean square ͑RMS͒ roughness was measured to be 9.62 Å for LED A and 6.98 Å for LED B. From the results of temperature-dependent PL and AFM images of LEDs, it is believed that Mg in a barrier acts as a surfactant, which enhances the lateral growth in a GaN barrier layer, resulting in a lower defect density and a smooth Figures 4͑a͒ and 4͑b͒ show the current-voltage ͑I-V͒ curves and the light output power of LED A and LED B. Figure 4͑a͒ shows that the forward voltages were 3.54 and 3.63 V at 20 mA for LED A and LED B, respectively. The slight increase in forward voltage for LED B was presumably due to an increase in resistance of the Mg-doped barrier of the MQWs. Figure 4͑b͒ shows that the light output power of LED B was higher than that of LED A in the whole range of current. The light output power of LED B was higher by 19% and 27% than that of LED A at 20 and 200 mA, respectively, which indicates that the increase of output power was enhanced as the current increased. This result shows that Mg doping in the GaN barriers of MQWs is also a promising method for the high current operation of LEDs, as in the case of solid state lighting. These results can be further explained in the energy bands of MQWs that were modified by the Mg doping in the barriers of the MQWs in LED B as shown in Fig. 5 .
Figures 5͑a͒ and 5͑b͒ are the calculated valence band and conduction band diagrams of LED A and LED B operating at 4 V using the LED simulator SiLENSe 4.0. Figure 5͑a͒ shows that the valence band of the barrier layer of LED A was pulled down because of a high concentration of unintentional electrons in the barrier layer while the valence band of the barrier layer of LED B was not pulled down. As a result, the effective barrier height for the hole to the well layer of LED B was decreased due to the Mg doping in the barriers of the MQWs. Consequently, hole injection from one well layer to an adjacent well layer in the MQWs of LED B was enhanced due to the decreased barrier height in the valence band and to the additional holes generated by the p-type doping in the barrier. To the contrary, the effective barrier height for the electrons in the well layers of LED B was increased, as shown in Fig. 5͑b͒. Figure 5͑d͒ shows that the hole concentration and distribution in the MQWs of LED B were higher and more uniform compared with those of LED A, while the hole concentration in the MQWs of LED A decreased as the position of the well layer was closer to the n-GaN side, as shown in Fig. 5͑c͒ . These results indicate that the Mg doping in the barrier layers of the MQWs of LED B improves the hole injection to MQWs, resulting in a higher increase in optical output power at a higher current of 200 mA compared to that of 20 mA, as shown in Fig. 4͑b͒ .
In conclusion, we investigated the effect of Mg doping in the barrier layers of MQWs of InGaN/GaN LEDs. PL measurements showed that thermal stability was improved and IQE was increased for LEDs with Mg-doped MQW barriers. The reduced defect density and RMS roughness of MQWs were also confirmed by AFM images. The higher enhancement of light output power for LEDs with Mg-doped MQW barriers at higher currents can be attributed to enhanced hole injection due to the modification of the energy bands of the MQWs, as well as to the improved morphological properties of MQWs accomplished by the Mg doping of the barrier layers. 
